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A new model for the dynamic evolution of the morphology of polymer-polymer latex particles has been
developed. This model overcomes the limitations of the existing methodologies that were only able to
provide the morphology of a single particle, which is only a restricted view of the real system that con-
tains a distribution of particle morphologies. Taking into account the relevant kinetic and thermodynamic
effects, the new model calculates the distribution of morphologies for the whole population of polymer
particles with less computational effort than that needed by the previous models to calculate the mor-
phology of a single particle. The model was validated by fitting the evolution of particle morphology of
composite particles during polymerization of methyl methacrylate on a polystyrene seed. Furthermore,
the ability of the model to predict the evolution of the particle morphology for different cases was
explored.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The synthesis of composite latex particles has received great
attention as they provide a wide range of properties in demanding
applications. Heterogeneous polymer-polymer and polymer-
inorganic particles have the possibility of combining the positive
properties of each phase, avoiding their drawbacks and have foundapplications as coatings, adhesives, impact modifiers and medical
diagnostics [1–11].
Structured polymer particles with different morphologies can
be synthesized by chemical and physical methods. The choice of
a specific technique depends on the final properties of interest of
the material. The most common methods of synthesizing struc-
tured particles are seeded emulsion polymerization and miniemul-
sion polymerization. Seeded emulsion polymerization is suitable
for synthesizing polymer-polymer particles. In this process the ini-
tial charge of the reactor is composed of a previously formed latex
(Polymer 1). Then, a monomer or a mixture of monomers are
Nomenclature
Ac total area of the clusters
aiðxÞ surface area of a cluster of type i with size x
Fm feeding rate of Monomer 2
kpol2d mass transfer rate coefficient of Polymer 2
kp propagation rate constant
ka rate coefficient for cluster coagulation
kmov movement to equilibrium position rate coefficient
kn nucleation rate coefficient
M monomer 2
Mtot total amount of Monomer 2 added to the reactor at the
end of the process
mðxÞ number of clusters with size x at non-equilibrium posi-
tions
mav average number of clusters at equilibrium positions per
particle
nðxÞ number of clusters with size x at equilibrium positions
n average number of radicals per particle
Np number of particles
Na Avogadro’s number
nav average number of clusters at equilibrium position per
particle
rmp ðxÞ polymerization rate of non-equilibrium clusters with x
monomer units
rnpðxÞ polymerization rate of equilibrium clusters with x
monomer units
rnuc rate of nucleation
Vp total volume of polymer particles
Vpol2 molar volume of the Polymer 2
Vm molar volume of the Monomer 2
Vpol1 volume of Polymer 1.
V fðxÞ volume of the mixed polymer in cluster of size x
x number of polymerized monomer units
xc initial size of the clusters formed by phase separation
xmax maximum size of clusters
a probability of coagulation of clusters with sizes higher
than the average value
f thickness of the shell with mixed polymers
/H2 actual volume fraction of Polymer 2 in the matrix
/c2 volume fraction of the Polymer 2 in the matrix under
equilibrium conditions
/m volume fraction of the matrix
Fig. 1. TEM micrograph of a composite latex produced by seeded emulsion
copolymerization of styrene and butyl acrylate on a methyl methacrylate-butyl
acrylate crosslinked seed.
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(Polymer 2) is usually incompatible with Polymer 1 and phase sep-
aration leads to the formation of the particle morphology. In
miniemulsion polymerization, a mixture of a preformed polymer
(Polymer 1) is dissolved/dispersed in a monomer or mixture of
monomers and the solution dispersed in water. Then, the resulting
droplets are polymerized yielding a Polymer 2 which phase-
separates from Polymer 1 leading to a structured polymer particle.
Miniemulsion polymerization is much more versatile than seeded
emulsion polymerization and allows the synthesis of both
polymer-polymer and polymer-inorganic hybrids with a great vari-
ety of morphologies [12].
The performance of the composite latex particles is directly
affected by their morphology and due to its practical importance,
particle morphology has received a considerable attention in the
literature [13–26]. Several authors reported theoretical approaches
aimed at predicting the particle morphology, but most of the meth-
ods are based on two limiting assumptions: either the polymer
chains do not move from the point that they are formed [25,27–
31] or the equilibrium morphology is attained instantaneously
[11,32–40]. There are only few works in the literature that take
into account all relevant kinetic and thermodynamic effects.
Gonzalez-Ortiz et al. [41–43] developed a model to predict particle
morphology that accounted for phase separation between Polymer
1 and Polymer 2 that leads to cluster nucleation, polymerization in
both clusters and matrix (Polymer 1 rich area), polymer diffusion
between matrix and clusters and cluster aggregation. The predic-
tion of the particle morphology becomes much more complicate
when dealing with multiphase systems. The equilibrium morphol-
ogy of multiphase particles was predicted using Monte Carlo
method [37]. Akhmatskaya et al. simulated the dynamic evolution
of the particle morphology of multiphase polymer-polymer and
polymer-inorganic systems [44,45] using stochastic dynamics in
which the movement of phases is described by the Langevin equa-
tion. The output of all these models is a very detailed description of
the morphology of a single particle, which is only a partial view of a
real system that is better described by a distribution of morpholo-
gies as it is illustrated in Fig. 1 where the TEM micrograph of a
composite latex produced in seeded emulsion copolymerizationof styrene and butyl acrylate on a methyl methacrylate-butyl
acrylate crosslinked seed is presented. Better statistics can be
obtained using the existing methods to simulate several particles,
but as these models require long computational times, this is no
practical.
This article presents a new approach to simulate the dynamic
development of the particle morphology. This approach overcomes
the limitations of the previous methods because it is computation-
ally efficient and even more importantly, it provides the
distribution of particle morphologies. The model is applied to
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polymerization and miniemulsion polymerization.2. Description of the system
In both seeded emulsion polymerization and miniemulsion
polymerization, the initial state is a dispersion of particles of Poly-
mer 1 swollen by Monomer 2 (in miniemulsion polymerization
this is regarded as droplets of Monomer 2 in which Polymer 1 is
dissolved). Upon addition of initiator, new polymer chains are
formed in the mixture of Polymer 1 and Monomer 2 (which will
be referred as polymer matrix). As the concentration of the newly
formed polymer chains increases, phase separation occurs, forming
clusters that are dispersed in the polymer matrix. Monomer swells
both the polymer matrix and the clusters. The size of the clusters
increases because of polymerization inside the clusters, diffusion
of polymer formed in the polymer matrix to the clusters and coag-
ulation with other clusters. In addition, clusters migrate towards
the equilibrium morphology. Depending of the relative rates of
polymerization in the polymer matrix with respect to phase sepa-
ration and diffusion of the formed polymer chains from the matrix
to the clusters, the composition of the matrix may be supersatu-
rated in Polymer 2. The motion of the clusters is ruled by the bal-
ance between van der Waals forces (which are proportional to the
interfacial tensions), Brownian motion and the resistance to flow
that arises from the viscous drag. The final morphology heavily
depends on the kinetics of the cluster migration. When the move-
ment of the phases is not hindered, equilibrium morphologies are
reached, otherwise, a kinetically controlled morphology is
obtained.
For a 2-phase polymer-polymer system, the equilibrium mor-
phologies are well known (core-shell, inverted core-shell and
hemispherical) and a map of these morphologies as a function of
the interfacial tensions is available [41]. As shown below, this
knowledge is needed for the approach developed in this work.
The whole system might be described by the cluster volume
distribution. However, this information does not provide good
description of the system as the position of the clusters in the par-
ticles is of importance. This is illustrated in Fig. 2 where the evolu-
tion of the morphology of one particle during polymerization is
presented for the case in which the equilibrium morphology is
hemispherical.
In the non-equilibrium morphology in Fig. 2, there are clusters
within the polymer matrix and clusters at the surface of the parti-
cles. For this case, the surface of the particles is an equilibrium
position for the clusters, and hence the clusters that are at the sur-
face will be considered to be at the equilibrium position. This doesa)non-equilibrium morphology                       
Clusters at 
equilibrium position 
Cluster
Polymerizat
Fig. 2. Clusters at equilibrium annot mean that they are at equilibrium, which for this case it is only
achieved when all clusters aggregate in a single one placed on the
surface of the particle. The clusters within the polymer matrix are
at non-equilibrium positions and during the process these clusters
move toward the equilibrium positions.
Taking this into consideration, the system in Fig. 2 is better
described by two cluster size distributions, one for the clusters at
the surface (which will be called equilibrium clusters, meaning
that they are at equilibrium positions) and another for the clusters
within the polymer matrix (that will be called non-equilibrium
clusters). The equilibrium position varies depending on the equi-
librium morphology. Thus, for the systems that evolve towards
core-shell and hemispherical equilibrium morphologies, the equi-
librium position is the surface of the particles, whereas it is the
center of the particles for the inverted core-shell equilibrium
morphology.3. Mathematical model
The mathematical model accounts for the development of par-
ticle morphology in the production of polymer-polymer hybrid by
both seeded emulsion polymerization and miniemulsion polymer-
ization. In both cases, the initial state is a dispersion of particles/-
droplets containing Polymer 1 and Monomer 2. The model is first
developed considering the following assumptions:
 The number of polymer particles is considered to be constant
during the reaction, i.e. there is neither secondary nucleation
nor coagulation.
 The amount of Polymer 1 in each particle is considered to be the
same.
 The clusters contain only Polymer 2 and Monomer 2.
 The polymer matrix contains all Polymer 1, and some Polymer 2
and Monomer 2.
 There are no monomer droplets in the reactor.
 Monomer swells equally both Polymer 1 and Polymer 2.
 The amount of monomer in the aqueous phase is negligible.
 The amount of water in polymer particles is negligible.
 The radical concentration profile in the particles is flat (anchor-
ing of the entering radicals to the particle surface is not
considered).
 The radicals distributed homogeneously between clusters and
polymer matrix.
Ways in which the model can be modified to overcome some of
these assumptions are discussed later. It is worth mentioning that
the assumption of uniform monomer concentration in the polymerb)Equilibrium morphology
s at non-equilibrium 
position 
ion/Process time
d non-equilibrium positions.
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polymers, which represent the majority of the emulsion polymers
[30]. For hard polymers under semi-continuous starved conditions,
one may expect to have a non-uniform distribution of the
monomer.
3.1. Material balances
Considering the assumptions detailed above, the material bal-
ances of the Monomer 2 and Polymer 2 (the polymer created upon
polymerization of Monomer 2) for a semicontinuous reactor are as
follow:
dM
dt
¼ kp
nNp
Na
M
Vp
þ Fm mols
 
;Mðt ¼ 0Þ ¼ M0 ð1Þ
dpol2
dt
¼ kp
nNp
Na
M
Vp
mol
s
 
;pol2ðt ¼ 0Þ ¼ 0 ð2Þ
where kp is the propagation rate constant, n the average number of
radicals per particle (n was calculated using the Li-Brooks approach
[46], see Supporting Information), Np number of particles, Na is the
Avogadro´s number, Fm is the feeding rate of Monomer 2 and Vp the
total volume of polymer particles given by:
Vp ¼ pol2Vpol2 þMVm þ Vpol1 ð3Þ
Vpol2 and Vm are the molar volumes of the Polymer 2 and
Monomer 2, respectively, and Vpol1 is the volume of Polymer 1.
Polymer 2 is distributed among the polymer matrix and the
clusters. The material balance of Polymer 2 in the polymer matrix
is:
dpol2m
dt
¼ kp
nNp
Na
M
Vp
/m  kn/ kpol2d /Ac
mol
s
 
;pol2mðt ¼ 0Þ ¼ 0
ð4Þ
where the first term of the right hand side of the Eq. (4) corresponds
to the polymerization in the polymer matrix (/m is the volume frac-
tion of the matrix which is calculated as the ratio of volume of
matrix to the volume of the particles); the second term accounts
for the loss of the Polymer 2 in the polymer matrix due to nucle-
ation of the clusters (kn is the nucleation rate constant); and the
third one accounts for the diffusion of the Polymer 2 between poly-
mer matrix and clusters. The rate of transport of Polymer 2 from the
matrix to the clusters by cluster nucleation was assumed to be pro-
portional to the excess of Polymer 2 in the polymer matrix with
respect to the equilibrium condition given by:
/ ¼ /H2  /c2 ¼
/H2  /c2 if /H2 > /c2
0 otherwise
( )
ð5Þ
where /H2 is the actual volume fraction of Polymer 2 in the matrix
and /c2 is the volume fraction of the Polymer 2 in the matrix under
equilibrium conditions. The diffusion of Polymer 2 from the poly-
mer matrix to the clusters is proportional (kpol2d being the mass
transfer rate coefficient of Polymer 2) to / and to the total area of
the clusters (Ac) given by:
Ac ¼
Z xmax
xc
amðxÞmðxÞdxþ
Z xmax
xc
anðxÞnðxÞdx ð6Þ
where aiðxÞ is the surface area of a cluster of type i with size x; mðxÞ
and nðxÞ are the clusters with size x at non-equilibrium and equilib-
rium positions, respectively. In this model, the size is computed in
terms of the number of polymerized monomeric units (xÞ. The lower
limit of the integrals in Eq. (6), xc , is the size of the clusters whenthey are formed by phase separation in the polymer matrix. On
the other hand, the upper limit (xmax) appears because the particles
have a finite size. In this work, it has been considered that xmax is
twice the average amount of Monomer 2 units per particle:
xmax ¼ 2xav ¼ 2MtotNaNp ð7Þ
whereMtot is the total amount of Monomer 2 added to the reactor at
the end of the process.
The material balance of the Polymer 2 in the non-equilibrium
clusters is:
dpol2cm
dt
¼ kp
nNp
Na
M
Vp
/cm þ kn/þ kpol2d /
Z xmax
xc
amðxÞmðxÞdx
 kmovpol2cmðmols Þpol2
cmðt ¼ 0Þ ¼ 0 ð8Þ
where it was assumed that all the newly nucleated clusters are
formed at non-equilibrium positions. The forth term of the right
hand side of the Eq. (8) accounts for the movement of clusters from
non-equilibrium to equilibrium positions.kmov is the rate coefficient
for this process.
The Polymer 2 in equilibrium clusters is:
pol2cn ¼ pol2 pol2m  pol2cm ð9Þ3.2. Balances of equilibrium and non-equilibrium clusters
The population balance for clusters at non-equilibrium posi-
tions is as follows:
dmðxÞ
dt ¼ ð1 dxc Þrmp ðx 1Þmðx 1Þ  rmp ðxÞmðxÞ
ðPropagationÞ
þð1 dxcÞrmd ðx xmÞmðx xmÞ  rmd ðxÞmðxÞ
ðDiffusion of polymer from polymer matrixÞ
þð1 dx62xc ÞamðxÞ kaVp 1 1mav
  R xxc
xc
mðzÞmðx zÞdz
ðCluster coalescenceÞ
2mðxÞ kaVp 1 1mav
  R xmaxx
xc
amðxþ zÞmðzÞdz
ðCluster coalescenceÞ
kmovmðxÞ þ dxc rnuc
ðMovement to equilibriumÞðCluster nucleationÞ
ð10Þ
The first line in the right hand side of the Eq. (10) refers to clus-
ter growth by polymerization with a rate rmp ðxÞ given by:
rmp ðxÞ ¼ kp
nNp
Na
M
Vp
/x ð11Þ
/x ¼
x
ðpol1þ pol2ÞNa ð12Þ
Note that d is equal to one if the condition in its subscript is ful-
filled (e.g. dxc ¼ 1 if x ¼ xc).
The second line in the Eq. (10) corresponds to the growth of the
clusters by diffusion of Polymer 2 from the polymer matrix, which
occurs at a rate rmd ðxÞ given by:
rmd ðxÞ ¼
kpol2d /amðxÞNa
xm
ð13Þ
It is worth mentioning that kpol2d /amðxÞNa is the rate of diffusion
in terms of monomeric units, but diffusion really involves polymer
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being the kinetic chain length of Polymer 2).
The next two integral terms accounts for cluster coalescence. In
these terms, ka is the rate coefficient for cluster coagulation. These
terms do not account for the compartmentalization of the clusters
among particles. The effect of compartmentalization has been
extensively discussed in modeling the molecular weight distribu-
tion (MWD) in emulsion polymerization, concluding that for the
case of termination by combination, which is the equivalent to
coagulation, compartmentalization does not influence the predic-
tions of the model if the average number of radicals per particle
is higher than 23 [47–52]. As in the present case, during most
of the reaction, the average number of clusters per particle is
higher than this limit, no effect of compartmentalization is
expected. An important difference with respect to modeling
MWD is that in the present case the size of the clusters are closer
in size to the polymer particles. Therefore, in order to avoid the
coagulation of big clusters that exceeds the maximum cluster size
and to decrease the probability of coagulation of big clusters with
sizes higher than the average value, a probability of amðxÞ has been
defined as follow (the choice of limits of this probability is
explained in the Supporting Information):
amðxÞ ¼
1 if xc < x < ðxav  xnÞ
exp  40 xðxavxnÞð Þxav
 
if ðxav  xnÞ < x < xmax
0 if x > xmax
8><
>:
9>=
>; ð14Þ
where xn is the average number of polymerized monomer units in
equilibrium clusters. Furthermore, term 1 1mav
 
insures that the
coagulation rate approaches to zero as the average number of clus-
ters per particle mav approaches one.
The last line of Eq. (10) includes the terms linked to the move-
ment of clusters from non-equilibrium to equilibrium positions
and the rate of nucleation, rnuc , given by:
rnuc ¼ kn/ðtÞNaxc ð15Þ
where xc is the size of the newly nucleated cluster.
The population balance for the clusters at the equilibrium posi-
tions depends on the type of equilibrium morphology that corre-
sponds to the system (Polymer 1, Polymer 2, water, initiator,
surfactant, etc.). For hemispherical equilibrium morphology, the
population balance for clusters at equilibrium positions is as
follows:
dnðxÞ
dt ¼ ð1 dxc Þrnpðx 1Þnðx 1Þ  rnpðxÞnðxÞ
ðPropagationÞ
þð1 dxc Þrndðx xmÞnðx xmÞ  rndðxÞnðxÞ
ðDiffusion of polymer from polymer matrixÞ
þð1 dx62xc ÞanðxÞ kaVp 1 1nav
 R xxc
xc
nðzÞnðx zÞdz
ðCluster coalescenceÞ
2nðxÞ kaVp 1 1nav
 R xmaxx
xc
anðxþ zÞnðzÞdz
ðCluster coalescenceÞ
þkmovmðxÞ
ðMovement to equilibriumÞ
ð16Þ
Eq. (16) is very similar to Eq. (10) and the explanation of the
terms has been given above. In Eq. (16), nav is the average number
of clusters at equilibrium position per particle.It is worth pointing out that ka, kmov and k
pol2
d are expected to be
inversely proportional to the viscosity of the polymer matrix that
according to the van Krevelen-Hoftyzen model [53] depends on
the fraction of the polymer and glass transition temperature of
the matrix as follows:
g ¼ gref/5p ð17Þ
where gref is the theoretical undiluted polymer melt viscosity and
/P is the polymer volume fraction.
On the other hand, the melt viscosity depends on the process
temperature (T) and the glass transition temperature of the matrix
of polymer particles during the process.
g0
gs
¼ exp kg TTg  1
  
ð18Þ
where g0 and gs are the viscosities at temperatures T (reaction tem-
perature) and 1.2 Tg , respectively. kg is related to the activation
energy of viscous flow at high temperatures and is reported as 8.2
for polystyrene [54]. The glass transition temperature of the matrix
of the polymer particles (mixture of the unreacted monomer plus
polymer 1) can be calculated as follow [55]:
Tg ¼ TgP þ ðkTgM  TgPÞ/M1þ ðk 1Þ/M
ð19Þ
where TgP and TgM are the glass transition temperatures of polymer
1 and Monomer 2, respectively./M is the monomer fraction in the
matrix, and k is a constant varying from 1 to 3.
Taking into account Eqs. (17) and (18), ka, kmov and k
pol2
d are
related to the polymer fraction and the glass transition tempera-
ture of the matrix of the polymer particles as follows:
ka ¼ ka0
/5P  exp kg TTg  1
   ð20Þ
kmov ¼ kmov0
/5P  exp kg TTg  1
   ð21Þ
kpol2d ¼
kpol2d0
/5P  exp kg TTg  1
   ð22Þ
where ka0, kmov0 and k
pol2
d0 are the adjustable parameters of the model
and Tg is calculated by means of Eq. (19).
In the case of inverted core-shell morphology, there is a single
cluster at equilibrium position per particle and hence there is no
coagulation between equilibrium clusters. On the other hand, the
size of the equilibrium clusters varies by migration of non-
equilibrium clusters to equilibrium position. Therefore, the popula-
tion balance is:
dnðxÞ
dt ¼ð1dxc Þrnpðx1Þnðx1Þ rnpðxÞnðxÞ
ðPropagationÞ
þð1dxc ÞrndðxxmÞnðxxmÞ rndðxÞnðxÞ
ðDiffusion of polymer from polymermatrixÞ
þð1dx62xc ÞanðxÞkmov 0Vp
R xxc
xc
mðzÞnðx zÞdznðxÞ kmov 0Vp
R xmaxx
xc
anðxþ zÞmðzÞdz
ðMovement to equilibriumÞ
ð23Þ
Noteworthy is that kmov 0 is a second order rate coefficient
whereas kmov is a first order one. For this case, the population bal-
ance for clusters at non-equilibrium positions is:
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dt ¼ ð1 dxc Þrmp ðx 1Þmðx 1Þ  rmp ðxÞmðxÞ
ðPropagationÞ
þð1 dxc Þrmd ðx xmÞmðx xmÞ  rmd ðxÞmðxÞ
ðDiffusion of polymer from polymer matrixÞ
þð1 dx62xc ÞamðxÞ kaVp 1 1mav
  R xxc
xc
mðzÞmðx zÞdz
ðCluster coalescenceÞ
2mðxÞ kaVp 1 1mav
  R xmaxx
xc
amðxþ zÞmðzÞdz
ðCluster coalescenceÞ
mðxÞ kmov 0Vp
R xmaxx
xc
amðxþ zÞnðzÞ þ dxc rnuc
ðMovement to equilibriumÞðCluster nucleationÞ
ð24Þ
The situation is more complex when dealing with core-shell
morphology. At the early stages of the development of particle
morphology, the situation is similar to the hemispherical morphol-
ogy and hence Eqs. (10) and (16) can be used. As the morphology
develops, clusters move toward the surface of the polymer particle
(equilibrium position). At one point, a shell is formed by coagula-
tion of the clusters at the surface of the particle. From this moment,
there is a single equilibrium cluster per particle and the system is
described by Eqs. (23) and (24).
Eqs. (10)–(24) were solved by means of the Kumar-Ramkrishna
method [56–58] taking into account the modification of Butte et al.
[59,60]. The details of solving the balances by this method are
explained in the Supporting Information.
The model was implemented in Matlab using 100 pivots and the
computational time in a Laptop Intel(R) CoreTM i7-4610M CPU @
3 GHz, Running in Windows is less than 20 s. This is orders of mag-
nitude faster than the existing models that only provide the mor-
phology of a single particle.
4. Results and discussion
4.1. Model validation
The model was validated by comparison with the experimental
results reported by Chen et al. [61] for the polymerization of
methyl methacrylate (MMA) on a polystyrene seed at 70 C. Radi-
cal entry and exit rate coefficients were chosen to reach the final
conversion at a time similar to the used in the experiments (98%
conversion after 3 h of polymerization). The equilibrium morphol-
ogy predicted upon measuring/calculating the interfacial tensions
was hemispherical [61]. Therefore, a hemispherical morphology
model was used to fit the experimental morphologies. The values
of the parameters of the model used in the simulation are given
in Table 1 (Run 1). Note that due to the limited available experi-
mental images, transferring of the morphologies of the TEM images
to a distribution was not possible. Therefore comparison betweenTable 1
Recipes and values of the parameters used in the model.
Run 1 Run 2 Run 3 Run 4
Polystyrene seed (L) 0.068 0.25 0.25 0.25
MMA (L) 0.143 0.26 0.26 0.26
Np 1.9 1016 3  1017 3  1017 3  1017
kp (L/mol.s) 2.67  106 exp (22,400/RT) [63]
ka0ðL=sÞ* 1  1022 2  1021 2  1022 2  1019
kmov0ð1=sÞ* 5.2  105 8  105 8  105 2  103
kpol2d0 (mol/dm
2.s)* 6  1013 6  1013 6  1013 6  1013
knðmol=sÞ* 8  103 1  102 1  102 1  102
Reaction time (h) 3 2 2 2
xc (monomeric units)* 4  104 4  104 4  104 4  104
xm ðmonomericunitsÞ* 5  103 5  103 5  103 5  103
* Model parameters.simulated and experimental morphologies was made visually. It
is worth pointing out that the goal of the simulations was to show
that model captures well the trends observed experimentally, but
due to the limited experimental data, no claim is made regarding
the accuracy of the estimated values of the parameters. .
As it can be seen in Table 1, the simulations were carried out
using a fix value for the xc (the size of the nucleated cluster by
phase separation). The reason is that the effect of the volume of
the nucleated clusters on the final morphology was studied by
Gonzalez-Ortiz et al. [43] showing that within a certain range it
was negligible. In the present case, this range was determined by
means of a sensitivity analysis and the value of xc was chosen in
the range in which there is no effect on the final morphology
(see Supporting Information).
It is also worth pointing out that the glass effect is expected to
occur in this system because the reaction temperature (70 C) was
less than the Tg of the polymers (polystyrene and polyMMA). Thus,
it has been reported that for bulk polymerization of MMA at 70 C
polymerization stops at 90% of monomer conversions [62]. Taking
into account the initial polystyrene, the limiting conversion for Run
1 is expected to be 85%. However a 98% conversion was reported by
Chen et al. [61] Hydroplastization and polymerization in the aque-
ous phase may be the reasons for the high conversions achieved in
reference [61]. In the simulations, we decided to allow the poly-
merization to proceed until 98% conversion to see if the morphol-
ogy suffered any change during the final stages of the
polymerization.
The outputs of the model are the normalized number and
weight distributions of the equilibrium and non-equilibrium clus-
ters; namely m(x) and n(x). Experimentally, the morphology distri-
bution is determined by TEM and in order to compare the
predictions of the model with the TEM images, it is worth to gen-
erate TEM-like images from the distributions. This was carried out
by random sampling using the algorithm explained in the Support-
ing Information. In the cartoons of the morphologies, clusters are
shown as spheres. It is worth mentioning that spheres would not
be necessarily the thermodynamically preferred geometry (the
one that minimizes the surface energy around the cluster) of the
superficial clusters, however, spherical clusters were considered
in all cases for the sake of simplicity.
Figs. 3–6 show the evolution of morphologies predicted by the
model and, when available, compare them with the experimental
morphologies. In these figures, the dark areas represent PS and
the white ones PMMA. It can be seen that the model captures well
the evolution of the particle morphology during polymerization. It
is worth mentioning that the total white area in the TEM pictures
of Fig. 3 is too large for a conversion of MMA lower than 0.2. At
x = 0.43, the model is in agreement with the TEM images that pre-
dicts the existence of clusters within the particle (non-equilibrium
position) and at the surface of the particle (equilibrium position).
Figs. 5 and 6 show that at high conversions, almost all of the clus-
ters are at the surface of the particle, but they have not aggregated
completely to achieve the equilibrium morphology, the reason
being the high viscosity of the polymer matrix that precludes the
movement of the clusters. These figures also show that the mor-
phology of the particles evolve very little above 65% conversion
because both polystyrene and polyMMA have glass transition tem-
peratures above the polymerization temperature.4.2. Exploring the capabilities of the model
After model validation, the ability of the model to predict the
evolution of the particle morphology for different cases was
explored. The cases studied and the model parameters used are
summarized in Table 1.
Fig. 3. Comparison of the early stages of the evolution of a) the particle morphology predicted by model for Run 1 in the Table 1, b) the experimental morphology observed by
Chen et al. [61] Reprinted with permission from Chen, Y. C.; Dimonie, V.; El-Aasser, M. S., J. Appl. Polym. Sci. 1992, 45, 487. Copyright 1992 John Wiley and Sons.
Fig. 4. Comparison of the middle stages of the evolution of a) the particle morphology predicted by model for Run 1 in the Table 1, b) the experimental morphology observed
by Chen et al. [61] Reprinted with permission from Chen, Y. C.; Dimonie, V.; El-Aasser, M. S., J. Appl. Polym. Sci. 1992, 45, 487. Copyright 1992 John Wiley and Sons.
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was hemispherical as in Run 1, but the cluster nucleation and the
aggregation were faster and the movement from non-equilibrium
to equilibrium positions was slower than in Run 1. The conversion
achieved after 2 h of reaction was 0.98. Fig. 7 presents the outputs
of the model, which are the normalized number distributions ofthe equilibrium and non-equilibrium clusters with respect to the
number of polymer particles. These distributions are numerical
quantifications of the particle morphology. The normalized weight
distribution, which gives a better idea about the distribution of the
polymer, is also presented. Fig. 7 shows the presence of small size
clusters that corresponded to the newly nucleated clusters, which
Fig. 5. Particle morphologies predicted by model for X = 065 and X = 0.85. No experimental data were available for these conversions.
Fig. 6. Comparison of the final stages of the evolution of a) the particle morphology predicted by model for Run 1 in the Table 1, b) the experimental morphology observed by
Chen et al. [61] Reprinted with permission from Chen, Y. C.; Dimonie, V.; El-Aasser, M. S., J. Appl. Polym. Sci. 1992, 45, 487 Copyright 1992 John Wiley and Sons. c) Particle
morphology predicted by model at 0.85 and 0.9 conversions.
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It is worth mentioning that cluster nucleation is proportional to the
difference of volume fraction of Polymer 2 in the matrix and the
saturation volume fraction of Polymer 2 in matrix. This means that
although the conversion is high, still nucleation can occur as the
rate of polymer diffusion or phase separation is slower than poly-
merization. In addition, it shows that the particles contained clus-
ters at both non-equilibrium and equilibrium positions, namely
that the system did not reach the equilibrium morphology due to
the low value of kmov .
The distributions in Fig. 7 are normalized distributions of
clusters in the whole population of particles. Fig. 8 shows theparticle morphology of randomly selected particles. Black areas
represent polystyrene (Polymer 1) and white ones are the clus-
ters of Polymer 2. Note that the particles contained different
amounts of Polymer 2 (polyMMA). It can be seen in Fig. 8 that
due to higher aggregation rate and lower movement rate com-
paring to the Run 1, big clusters, which are the result of aggre-
gation of smaller clusters, coexist with the smaller ones in non-
equilibrium positions.
Run 3 was simulated with the same parameters as Run 2, but
with a lower aggregation rate constant. Fig. 9 presents the weight
distribution of clusters as well as the images of randomly selected
particles. The final conversion was 98% and system did not reach
Fig. 7. Normalized a) number distribution, b) weight distribution of the equilibrium
and non-equilibrium clusters for run 2 in Table 1.
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smaller clusters formed the final morphologies.
In Run 4, the rate coefficients for cluster aggregation and cluster
movement toward the equilibrium position were substantiallyFig. 8. Representative morphologies of 10 randomly selected parthigher than in Run 2. The final conversion was 98%. Fig. 10 presents
the results of this simulation. It can be seen that the equilibrium
morphology was almost reached.4.3. Radical concentration profile
(Mini)emulsion polymerization is commonly carried out using
water soluble initiators that yield charged radicals. These radicals
react with the monomer forming oligoradicals that, once they are
hydrophobic enough, can enter into the polymer particles. The
charged moiety of the oligomer anchors the oligoradical to the sur-
face leading to a radical concentration profile within the particle.
Although transfer to monomer, radical exit and reentry, the use
of non-charged water-soluble initiators (e.g. tert butyl hydroperox-
ide frequently used in redox initiators) and small particle sizes
contribute to flatten the radical concentration profile, it can appear
in many systems. In these cases the radical concentration, profile
should be considered in the calculation of the particle morphology.
The model presented above can be easily modified to account
for the radical profile. The radical concentration profile (methods
to calculate the radical profile have already reported in literature
[29,30] and will not be discussed here) is discretized as illustrated
in Fig. 11 for a case in which two steps are used. This divides the
polymer particle in two regions each of them with a given n .
For each region, the mass and population balances discussed
above are developed as shown in Supporting Information. This
results in a higher number of equations (approximately, the num-
ber of equations of the flat profile times the number of the regions
in which the particle is divided) and a new parameter that is the
movement of clusters between regions.4.4. Particle phase separation
In the model, complete phase separation between phases was
considered. However, for some systems, mixing of incompatible
polymers has been detected by differential scanning calorimetric
(DSC) [64]. In these cases, the derivative of the DSC graph obtained
in the first scan presents three peaks, the intermediate peak corre-
sponding to the mixture of polymers. In the second scan, this inter-
mediate peak disappears and its mass is distributed between the
other peaks. This demonstrates that the polymers are incompatible
and that the origin of the mixed polymers is kinetic. This informa-
tion allows estimating the amount of mixed polymer and its
composition.
This can be incorporated in the model by assuming that each
cluster is formed by a core of Polymer 2 of radius rc andicles among 1 million sampling particles for run 2 in Table 1.
Fig. 9. Normalized weight distribution and representative morphologies of 10 randomly selected particles among 1 million sampling particles for run 3 in Table 1.
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composition defined by the volume fraction of Polymer 2 (epol2).
As the cluster is still defined by the number of polymerized Mono-
mer 2 units (x), the population balances remained unchanged
except the calculation of the surface area of the clusters (Support-
ing Information). At any moment, the volume of mixed polymer
can be estimated as:
V f ¼
Z xmax
xc
V fðxÞ mðxÞ þ nðxÞ2
 
dx ð25Þ
where V fðxÞ is the volume of the mixed polymer in a cluster of size x
given by:
V fðxÞ ¼ 43p ðrcðxÞ þ fÞ
3  r3c ðxÞ
h i
ð26Þ
The factor 1/2 appears because for a hemispherical equilibrium
morphology about half of the surface of the clusters at the equilib-
rium positions is in contact with water, namely not in contact with
Polymer 1. The thickness of the shell of the mixed polymer can be
estimated by fitting the DSC data with Eqs. (25) and (26).5. Conclusions
A new model for the dynamic evolution of the morphology of
polymer-polymer latex particles has been developed. This modelovercomes the limitations of the existing dynamic models that
are only able to provide the evolution of the morphology of a
single particle, which is only a restricted view of the real system
that contains a distribution of particle morphologies. This distri-
bution of particle morphologies is described by a distribution of
clusters of the newly formed polymer dispersed in the seed
polymer. According to their position in the particles, the clusters
are divided into two different categories: those that are at equi-
librium positions and clusters at non-equilibrium positions.
Thermodynamics is used to calculate the equilibrium morphol-
ogy and all relevant kinetic events of the system including clus-
ter nucleation, polymerization, polymer diffusion and cluster
aggregation are taken into account. The model is computation-
ally efficient and calculates this distribution of morphologies
for the whole population of polymer particles in a shorter time
(<20 s in a notebook computer) than that needed by the previous
models to calculate the morphology of a single particle. The
model was validated by fitting experimental data taken from lit-
erature of the evolution of particle morphology of composite
particles during polymerization of methyl methacrylate on a
polystyrene seed. Furthermore, the capability of the model to
predict the evolution of the particle morphology for different
conditions was explored and ways in which specific aspects as
radical concentration profile and non-complete phase separation
can be included in the model were discussed.
Fig. 10. Normalized weight distribution and representative morphologies of 10 randomly selected particles among 1 million sampling particles for run 4 in Table 1.
Fig. 11. Discretization of the radical concentration profile.
S. Hamzehlou et al. / Chemical Engineering Journal 304 (2016) 655–666 665Acknowledgment
The financial support of the RECOBA project (funding from
European Framework Horizon 2020, No. 636820) is gratefully
acknowledged.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2016.06.127.
References
[1] F.J. Schork, J. Tsavalas, The morphology of alkyd/acrylate latexes produced via
hybrid miniemulsion polymerization: grafting mechanisms, Colloid Polym. Sci.
124 (2004) 126–130.
[2] J.G. Tsavalas, F.J. Schork, K. Landfester, Particle morphology development in
hybrid miniemulsion polymerization, J. Coat. Technol. Res. 1 (2004) 53–63.
[3] V. Herrera, R. Pirri, J.M. Asua, J.R. Leiza, Morphology Control in Polystyrene/pol
(methyl methacrylate) Composite Latex Particles, J. Polym. Sci. Part A-Polymer
Chem. 45 (2007) 2484–2493.
[4] M. Goikoetxea, R.J. Minari, I. Beristain, M. Paulis, M.J. Barandiaran, J.M. Asua,
Polymerization kinetics and microstructure of waterborne acrylic/alkyde
nanocomposites synthesized by miniemulsion, J. Polym. Sci., Part A-Polym.
Chem. 47 (2009) 4871–4885.
[5] C.Y. Li, W.Y. Chiu, T.M. Don, Morphology of PU/PMMA hybrid particles from
miniemulsion polymerization: thermodynamic consideration, J. Polym. Sci.,
Part A-Polym. Chem. 45 (2007) 3359–3369.
[6] B. Erdem, E.D. Sudol, V.L. Dimonie, M.S. El-Aasser, Encapsulation of inorganic
particles via miniemulsion polymerization. I. Dispersion of titanium dioxide
particles in organic media using OLOA 370 as stabilizer, J. Polym. Sci., Part A
Polym. Chem. 38 (2000) 4419–4430.
[7] H.H. Chu, E. Der Ou, Emulsion polymerization of 2-hydroxyethyl methacrylate
and partition of monomer between particles and water phase, Polym. Bull. 44
(2000) 337–344.
666 S. Hamzehlou et al. / Chemical Engineering Journal 304 (2016) 655–666[8] Y. Reyes, E. Akhmatskaya, J.R. Leiza, J.M. Asua, Particle morphology, in: A.M.
van Herk (Ed.), Chem. Technol. Emuls. Polym., second ed., John Wiley & Sons,
Ltd, Singapore, 2013.
[9] D.C. Sundberg, Y.G. Durant, Latex particle morphology, fundamental aspects: a
review, Polym. React. Eng. 11 (2003) 379–432.
[10] B. Schuler, R. Baumstark, S. Kirsch, A. Pfau, M. Sandor, A. Zosel, Structure and
properties of multiphase particles and their impact on the performance of
architectural coatings, Prog. Org. Coat. 40 (2000) 139–150.
[11] M. Goikoetxea, Y. Reyes, C.M. de las Heras Alarcón, R.J. Minari, I. Beristain, M.
Paulis, et al., Transformation of waterborne hybrid polymer particles into
films: morphology development and modeling, Polymer 53 (2012) 1098–
1108.
[12] J.M. Asua, Challenges for industrialization of miniemulsion polymerization,
Prog. Polym. Sci. 39 (2014) 1797–1826.
[13] M. Okubo, Control of particle morphology in emulsion polymerization,
Macromol. Symp. 35 (36) (1990) 307–325.
[14] C. Tan, T. Tirri, C.-E. Wilen, The effect of core–shell particle morphology on
adhesive properties of poly(styrene-co-butyl acrylate), Int. J. Adhes. Adhes. 66
(2016) 104–113.
[15] Z. Nie, S. Xu, M. Seo, P.C. Lewis, E. Kumacheva, Polymer particles with various
shapes and morphologies produced in continuous microfluidic reactors, J. Am.
Chem. Soc. 127 (2005) 8058–8063.
[16] J. Stubbs, O. Karlsson, J.-E. Jönsson, E. Sundberg, Y. Durant, D. Sundberg, Non-
equilibrium particle morphology development in seeded emulsion
polymerization. 1: Penetration of monomer and radicals as a function of
monomer feed rate during second stage polymerization, Colloids Surf., A
Physicochem. Eng. Asp. 153 (1999) 255–270.
[17] J.M. Stubbs, D.C. Sundberg, The dynamics of morphology development in
multiphase latex particles, Prog. Org. Coat. 61 (2008) 156–165.
[18] A.M. Chrzanowska, A. Poliwoda, P.P. Wieczorek, Characterization of particle
morphology of biochanin A molecularly imprinted polymers and their
properties as a potential sorbent for solid-phase extraction, Mater. Sci. Eng.
C 49 (2015) 793–798.
[19] T. Song, T. Liu, X. Yang, F. Bai, Raspberry-like particles via the heterocoagulated
reaction between reactive epoxy and amino groups, Colloids Surf., A
Physicochem. Eng. Asp. 469 (2015) 60–65.
[20] M. Aguirre, M. Paulis, M. Barrado, M. Iturrondobeitia, A. Okariz, T. Guraya,
et al., Evolution of particle morphology during the synthesis of hybrid acrylic/
CeO2 nanocomposites by miniemulsion polymerization, J. Polym. Sci., Part A
Polym. Chem. 53 (2014) 792–799.
[21] R. Udagama, C. de las Heras Alarcon, J.L. Keddie, J.G. Tsavalas, E. Bourgeat-Lami,
T.F.L. Mckenna, Acrylic-alkyd hybrids: secondary nucleation, particle
morphology, and limiting conversions, Macromol. React. Eng. 8 (2014) 622–
638.
[22] Z. Hu, J. Zhang, J. Liu, C. Wang, Y. Wu, Effect of reaction conditions on the
particle morphology of aqueous dispersion of poly(acrylamide-acrylate-
dimethylaminoethyl methacrylate methyl choloride), Adv. Polym. Technol.
32 (2013) E212–E220.
[23] A. Muñoz-Bonilla, S.I. Ali, A. Del Campo, M. Fernández-García, A.M. Van Herk, J.
P.A. Heuts, Block copolymer surfactants in emulsion polymerization: influence
of the miscibility of the hydrophobic block on kinetics, particle morphology,
and film formation, Macromolecules 44 (2011) 4282–4290.
[24] R.J. Minari, M. Goikoetxea, I. Beristain, M. Paulis, M.J. Barandiaran, J.M. Asua,
Post-polymerization of waterborne alkyd/acrylics. Effect on polymer
architecture and particle morphology, Polymer 50 (2009) 5892–5900.
[25] J. Stubbs, R. Carrier, D.C. Sundberg, Monte carlo simulation of emulsion
polymerization kinetics and the evolution of latex particle morphology and
polymer chain architecture, Macromol. Theory Simul. 17 (2008) 147–162.
[26] J.M. Stubbs, D.C. Sundberg, Latex aging: the effects of coalescing agents and
thermal annealing on the morphology of composite latex particles, J. Polym.
Sci., Part B Polym. Phys. 49 (2011) 1583–1589.
[27] M.R. Grancio, D.J. Williams, The morphology of the monomer–polymer particle
in styrene emulsion polymerization, J. Polym. Sci., Part A-Polym. Chem. 8
(1970) 2617–2629.
[28] P. Keusch, R.A. Graff, D.J. Williams, Polymer segment density distributions in
saturated polystyrene latex systems, Macromolecules 7 (1974) 304–310.
[29] C.S. Chern, G.W. Poehlein, Polymerization in nonuniform latex particles:
distribution of free radicals, J. Polym. Sci., Part A-Polym. Chem. 25 (1987) 617–
635.
[30] J.C. de La Cal, R. Urzay, A. Zamora, J. Forcada, J.M. Asua, Simulation of the
latex particle morphology, J. Polym. Sci., Part A Polym. Chem. 28 (1990) 1011–
1031.
[31] M.F. Mills, R.G. Gillbert, D.H. Napper, Effect of polymerization kinetics on
particle morphology in heterogeneous systems, Macromolecules 23 (1990)
4247–4257.
[32] D.C. Sundberg, A.P. Casassa, J. Pantazopoulos, M.R. Muscato, B. Kronberg, J.
Berg, Morphology development of polymeric microparticles in aqueous
dispersions. I. Thermodynamic considerations, J. Appl. Polym. Sci. 41 (1990)
1425–1442.
[33] Y.C. Chen, V. Dimonie, M.S. El-Aasser, Interfacial phenomena controlling
particle morphology of composite latexes, J. Appl. Polym. Sci. 42 (1991)
1049–1063.[34] Y.C. Chen, V. Dimonie, M.S. El-Aasser, Effect of interfacial phenomena on the
development of particle morphology in a polymer latex system,
Macromolecules 24 (1991) 3779–3787.
[35] C.L. Winzor, D.C. Sundberg, Conversion dependent morphology predictions for
composite emulsion polymers: 1. Synthetic latices, Polymer 33 (1992) 3797–
3810.
[36] E.J. Sundberg, D.C. Sundberg, Morphology development for three-component
emulsion polymers: theory and experiments, J. Appl. Polym. Sci. 47 (1993)
1277–1294.
[37] Y. Reyes, J.M. Asua, Modeling multiphase latex particle equilibrium
morphology, J. Polym. Sci., Part A-Polym. Chem. 48 (2010) 2579–2583.
[38] Y. Reyes, M. Paulis, J.R. Leiza, Modeling the equilibrium morphology of
nanodroplets in the presence of nanofillers, J. Colloid Interface Sci. 352 (2010)
359–365.
[39] V. Herrera, Z. Palmillas, R. Pirri, Y. Reyes, J.R. Leiza, J.M. Asua, Morphology of
three-phase PS/PBA composite latex particles containing in situ produced
block copolymers, Macromolecules 43 (2010) 1356–1363.
[40] Y. Duda, F. Vázquez, Modeling of composite latex particle morphology by off-
lattice Monte Carlo simulation, Langmuir 21 (2005) 1096–1102.
[41] L.J. Gonzalez-Ortiz, J.M. Asua, Development of particle morphology in
emulsion polymerization. 1. Cluster dynamics, Macromolecules 28 (1995)
3135–3145.
[42] L.J. Gonzalez-Ortiz, J.M. Asua, Development of particle morphology in
emulsion polymerization. 2. Cluster dynamics in reacting systems,
Macromolecules 29 (1996) 383–389.
[43] L.J. Gonzalez-Ortiz, J.M. Asua, Development of particle morphology in
emulsion polymerization. 3. Cluster nucleation and dynamics in
polymerizing systems, Macromolecules 29 (1996) 4520–4527.
[44] E. Akhmatskaya, J.M. Asua, Dynamic modeling of the morphology of
multiphase waterborne polymer particles, Colloid Polym. Sci. 291 (2013)
87–98.
[45] E. Akhmatskaya, J.M. Asua, Dynamic modeling of the morphology of latex
particles with in situ formation of graft copolymer, J. Polym. Sci., Part A Polym.
Chem. 50 (2012) 1383–1393.
[46] B.-G. Li, B.W. Brooks, Prediction of the average number of radicals per particle
for emulsion polymerization, J. Polym. Sci., Part A Polym. Chem. 31 (1993)
2397–2402.
[47] G. Lichti, R.G. Gilbert, D.H. Napper, Molecular weight distribution in emulsion
polymerizations, J. Polym. Sci., Polym. Chem. Ed. 18 (1980) 1297–1323.
[48] A. Ghielmi, G. Storti, M. Morbidelli, W.H. Ray, Molecular weight distribution in
emulsion polymerization: role of active chain compartmentalization,
Macromolecules 31 (1998) 7172–7186.
[49] G. Arzamendi, C. Sayer, N. Zoco, J.M. Asua, Modeling of MWD in emulsion
polymerization: partial distinction approach, Polym. React. Eng. 6 (1998) 193.
[50] A. Butté, G. Storti, M. Morbidelli, Microgel formation in emulsion
polymerization, Macromol. Theory Simul. 16 (2007) 441–457.
[51] S. Lazzari, G. Storti, Modeling multiradicals in crosslinking MMA/EGDMA bulk
copolymerization, Macromol. Theory Simul. 23 (2014) 15–35.
[52] I. Calvo, K. Hester, J.R. Leiza, J.M. Asua, Mathematical modeling of carboxylated
SB latexes, Macromol. React. Eng. 8 (2014) 329–346.
[53] D.W. van Krevelen, K. te Nijenhuis, Properties of Polymers. Their Correlation
with Chemical Structure; their Numerical Estimation and Prediction from
Additive Group Contributions, 4th ed., Elsevier Ltd, Oxford, UK, 2009.
[54] V. Krevelen, P.J. Hoftyzer, Newtonian shear viscosity of polymeric melts, Die
Angewandte Makromolekulare Chemie 52 (1976) 101–109.
[55] F. Bueche, Rate and pressure effects in polymers and other glass-forming
substances, J. Chem. Phys. 36 (1962) 2940.
[56] S. Kumar, D. Ramkrishna, On the solution of population balance equations by
disretization. I. A fixed pivot technique, Chem. Eng. Sci. 51 (1996) 1311–1332.
[57] S. Kumar, D. Ramkrishna, On the solution of population balance equations by
discretization—III. Nucleation, growth and aggregation of particles, Chem. Eng.
Sci. 52 (1997) 4659–4679.
[58] S. Kumar, D. Ramkrishna, On the solution of population balance equations by
discritization-II. A moving pivot technique, Chem. Eng. Sci. 2114 (1996) 1333–
1342.
[59] A. Butte, G. Storti, M. Morbidelli, Evaluation of the chain length distribution in
free-radical polymerization, 1 bulk polymerization, Macromol. Theory Simul.
11 (2002) 22–36.
[60] A. Butte, G. Storti, M. Morbidelli, Evaluation of the chain length distribution in
free-radical polymerization, 2 emulsion polymerization, Macromol. Theory
Simul. 11 (2002) 37–52.
[61] Y.C. Chen, V. Dimonie, M.S. El-Aasser, Role of surfactant in composite latex
particle morphology, J. Appl. Polym. Sci. 45 (1992) 487–499.
[62] S.T. Balke, A.E. Hamielec, Bulk polymerization of methyl methacrylate, J. Appl.
Polym. Sci. 17 (1973) 905–949.
[63] S. Beuermann, M. Buback, T.P. Davis, R.G. Gilbert, R.A. Hutchinson, O.F. Olaj,
et al., Critically evaluated rate coefficients for free-radical polymerization, 2.
Propagation rate coefficients for methyl methacrylates, Macromol. Chem.
Phys. 198 (1997) 1545–1560.
[64] J.M. Stubbs, D.C. Sundberg, Measuring the extent of phase separation during
polymerization of composite latex particles using modulated temperature
DSC, J. Polym. Sci., Part B Polym. Phys. 43 (2005) 2790–2806.
